Background and objectives In living-donor kidney transplantation, various donor factors, including gender, age, and baseline kidney function, predict allograft function and recipient outcomes after transplantation. Because higher phosphorus is predictive of vascular injury in healthy adults, the effect of donor phosphorus levels on recipient renal function after transplantation was investigated.
Introduction
Kidney transplantation is the treatment of choice for patients with end-stage renal disease (1). However, donor availability is limited, and in the United States, the wait list has grown to in excess of 100,000 patients (2) . To avoid long wait times, living-donor transplantation is an attractive option for patients, and allograft outcomes are clearly superior compared with outcomes with deceased-donor transplantation (3) . Knowing donor factors that can affect longterm allograft function in the recipient will help physicians in selecting the optimal donor. Livingdonor factors reported to correlate with allograft outcomes in the recipient include donor kidney function, donor gender, donor BP, donor age, and donor cholesterol (4 -6) .
We wondered if other donor cardiovascular risk factors could also be predictive of long-term allograft outcomes. One nontraditional cardiac risk factor of increasing interest is serum phosphorus (phos). Initially, hyperphosphatemia was found to be associated with increased cardiovascular mortality in patients on hemodialysis (7) . However, it has now been shown that higher phos levels are associated with increased cardiovascular mortality in nonchronic kidney disease patients (8, 9) . The mechanism of action is still being elucidated, but higher phos is thought to induce vascular calcification (10) and to promote vascular inflammation through secondary mediators. We therefore hypothesized that elevated phos levels in living donors may have a negative effect on the allograft function after transplantation.
Materials and Methods

Patient Population
This retrospective study performed at University Hospitals Case Medical Center analyzed living-donor kidney transplants between January 2000 and December 2006. Two hundred forty-one donors with serum phos levels drawn within a month before donation were analyzed. Donor and recipient information was retrieved from a living-donor database and chart review after institutional review board approval. Demographic data included donor and recipient age, gender, and ethnicity (African American [AA] or non-AA). In addition, donor body mass index and mean arterial pressure (MAP) were calculated from data recorded during the predonation nephrology visit. Smoking history was reviewed and considered positive in patients with Ͼ10 pack-years of smoking. Donor serum creatinine (Cr) was recorded on the day of donation before surgery, and donor GFR (estimated GFR [eGFR]) was estimated using the Chronic Kidney Disease Epidemiology Collaboration equation (11) .
Transplant data included living related versus living unrelated donor status, HLA mismatching, and immunosuppressive therapy. Thirty-six percent of recipients received induction therapy with basiliximab (27%) or anti-thymocyte globulin (9%) on the basis of protocol or perceived immunologic risk. Maintenance immunosuppression consisted of tacrolimus and mycophenolate mofetil in just over half of patients, whereas the remaining patients received other combinations of therapy. Twenty-one percent of patients underwent early steroid withdrawal per recent protocol providing there was good early function with no immediate rejection. Biopsies were undertaken for cause, and patients with Banff '97 acute rejection grade 1A or higher were defined as having biopsy-proven acute rejection (AR) (12) . Chronic changes were analyzed from donor biopsies including global glomerulosclerosis (any), tubular atrophy and interstitial fibrosis (using Banff scoring (12)), presence of arteriosclerosis (any), and presence of calcinosis. Delayed graft function (DGF) was analyzed and defined as the need for dialysis therapy within 1 week of transplantation, and slow graft function (SGF) was defined as a recipient serum Cr Ն 3 mg/dl on postoperative day 5 (13) . Recipient serum Cr was also recorded at 12 months posttransplantation, and recipient eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation.
Statistical Analyses
Donor phos levels were analyzed with other donor and recipient variables using unpaired t tests for dichotomous variables and Pearson correlations for continuous variables. Phos was divided into tertiles to compare means of donor variables using one-way ANOVA. Univariable and multivariable analyses of recipient Cr and eGFR were performed using linear regression analysis. All donor, recipient, and transplant variables with P Յ 0.10 were included in the multivariable models. Donor and recipient AA ethnicity were used interchangeably in multivariate models because all AA recipients received kidneys from AA donors. Similarly, all non-AA recipients received kidneys from non-AA donors. Logistic regression analyses were performed with AR, tubular atrophy, and DGF/SGF as dependent variables using significant and relevant variables from univariable analyses. All statistics were performed using SPSS version 17.0 (Chicago, IL).
Results
Associations with donor phos and other donor variables were analyzed in all 241 kidney donors. Two hundred thirty-six patients were analyzed for DGF/SGF early after transplantation, after excluding patients deemed to have kidney injury from extrarenal sources, including vascular thrombosis (n ϭ 2) and ureteral obstruction (n ϭ 3). Within the first year after transplantation, patients who transferred care (n ϭ 11), died (n ϭ 7), or had primary allograft nonfunction (n ϭ 3) were excluded from analysis of recipient renal function and AR. In addition, one DNA-matched identical twin transplant was excluded from recipient analysis. One final patient had early graft loss from AR and was included in the AR analysis but not in the analysis of recipient renal function. Thus, 218 patients were included in the analysis of renal function and 219 in the analysis of rejection. Baseline and posttransplantation donor and recipient variables are shown in Table 1 .
We examined donor variables associated with higher phos at the time of donation. Consistent with previous population-based studies (14 -16), we noted higher average phos levels in women and AAs. Female donors had a mean phos level of 3.52 Ϯ 0.53 mg/dl versus 3.31 Ϯ 0.62 mg/dl in male donors (P ϭ 0.006). In addition, AA donors had a mean phos level of 3.63 Ϯ 0.64 mg/dl versus 3.37 Ϯ 0.54 mg/dl in non-AA donors (P ϭ 0.002). Table 2 shows the interactive effect of female gender and AA ethnicity on phos levels. There was no correlation with baseline phos level and donor age or donor renal function by serum Cr or eGFR, donor source, donor MAP, donor body mass index, or donor smoking in this analysis. Donor variables are shown after stratification by phos tertiles in Table 3 .
We next analyzed recipient outcomes related to donor phos levels. Despite the lack of association of phos and donor renal function, we found a negative association with donor phos and recipient renal function at 12 months posttransplantation. Using a linear regression model, we examined associations with recipient Cr at 12 months posttransplantation. By univariable analysis, higher recipient Cr was predicted by female gender (donor or recipient), older donor age, higher donor Cr, AA ethnicity (donor or recipient), nonrelated living-donor status, greater HLA mismatch, biopsy-proven AR, maintenance immunosuppression other than tacrolimus and mycophenolate mofetil, and higher donor phos (slope ϭ 0.166, P ϭ 0.001). Induction therapy and early steroid withdrawal were not associated with 12-month Cr. Higher donor calcium-phos product also predicted a higher recipient Cr (slope ϭ 0.905, P Ͻ 0.001), but donor calcium alone did not. Multivariable linear regression for recipient Cr at 12 months is shown in Table 4 . Higher donor phos persisted as a significant correlate with higher recipient Cr (slope ϭ 0.087, 95% confidence interval [CI]: 0.004 to 0.169, P ϭ 0.041). We further examined the association with donor phos and recipient eGFR at 12 months. Figure 1 shows the unadjusted negative association with donor phos and recipient eGFR (slope ϭ Ϫ5.367, P ϭ 0.008). We repeated the multivariable analysis above after substituting eGFR for recipient Cr as the dependent variable. In this model, donor phos remained inversely correlated with recipient eGFR at 12 months (slope ϭ Ϫ4.321, 95% CI: Ϫ8.165 to Ϫ0.476, P ϭ 0.028).
We next examined the relationship between donor phos and recipient AR. Surprisingly, donor phos was higher in recipients with AR (n ϭ 30). Mean donor phos was 3.70 Ϯ 0.49 mg/dl in patients with AR versus 3.40 Ϯ 0.59 mg/dl in patients without AR (P ϭ 0.008). Other correlates of AR In a logistic regression model controlling for donor status and HLA matching, donor phos remained a significant correlate with recipient AR (odds ratio 2.38, 95% CI: 1.14 to 4.97, P ϭ 0.021). This association was unchanged after forcing donor gender and donor ethnicity into the model. Donor phos was also higher in patients biopsied for cause without AR. Twentyseven patients had a biopsy within 12 months with no rejection, and donor phos in this cohort was 3.61 Ϯ 0.67 versus 3.36 Ϯ 0.57 mg/dl in patients who did not require a biopsy (P ϭ 0.037). We reviewed biopsy results for descriptions of chronic changes including glomerulosclerosis, tubular atrophy, interstitial fibrosis, and arteriosclerosis. Analysis was limited to biopsies within a month of transplant (n ϭ 32) to avoid the influence of recipient factors on chronic nephrosclerosis (17) . Of these biopsies, 20 (63%) demonstrated evidence of AR, whereas others showed acute injury or inflammation (n ϭ 12). The prevalence of any global glomerulosclerosis was 39%, any tubular atrophy was 32%, interstitial fibrosis Ͼ5% was 38%, and any arteriosclerosis was 38%. Donor phos was similar in patients with and without these chronic changes, with the exception of tubular atrophy. Patients with the highest tertile of donor phos had a 54% incidence of tubular atrophy, versus 17% in the lower two tertiles (P ϭ 0.03). Mean donor phos in patients with tubular atrophy was 3.85 Ϯ 0.53 versus 3.45 Ϯ 0.37 mg/dl in patients with no tubular atrophy (P ϭ 0.02). There was a trend noted for an increase in tubular atrophy with older donor age, but controlling for donor age did not change the association with donor phos and tubular atrophy (odds ratio 25.4, P ϭ 0.02). Tubular atrophy was mild in all patients (Banff classification ϭ 1), and rates of atrophy were similar in patients with AR versus no AR. Finally, three patients with early biopsies were described as having renal tubular calcinosis on biopsy. Donor phos levels in these three patients were 3.6, 3.9, and 4.4 mg/dl, respectively, compared with a mean donor phos level of 3.43 Ϯ 0.58 mg/dl in the entire cohort of living donors. Calcium levels in patients with calcinosis averaged 9.13 Ϯ 0.35 mg/dl and were similar to the entire cohort.
We hypothesized that higher donor phos would have a negative effect early after transplantation and therefore analyzed the occurrence of DGF or SGF in relation to donor phos levels. Among the 236 patients analyzed, only two had DGF requiring dialysis after transplantation, including one patient with cortical necrosis and primary nonfunction. An additional 26 patients had SGF, with a serum Cr Ն 3 mg/dl on postoperative day 5. Donor Cr in patients with DGF/SGF was 0.94 Ϯ 0.18 mg/dl, versus 0.93 Ϯ 0.20 mg/dl in patients without DGF/SGF (P ϭ NS). Alternatively, donor phos was higher in patients with DGF/SGF with a mean level of 3.68 Ϯ 0.47 mg/dl, versus 3.39 Ϯ 0.57 mg/dl in patients with superior allograft function (P ϭ 0.011). Patients with DGF/SGF also had a trend for higher donor MAP (94.3 Ϯ 9.2 versus 90.8 Ϯ 9.1 mmHg, P ϭ 0.066), greater HLA mismatching (3.75 Ϯ 1.46 versus 2.93 Ϯ 1.66, P ϭ 0.014), a trend for less induction therapy (21% versus 38%, P ϭ 0.093), and a greater rate of biopsy-proven AR (29% versus 11%, P ϭ 0.009). After controlling for these variables, donor phos remained an independent correlate with DGF/SGF (odds ratio 2.47, 95% CI: 1.11 to 5.50, P ϭ 0.026). After forcing donor gender and AA ethnicity into the model, the correlation between donor phos and DGF/ SGF remained significant.
Recipients with DGF/SGF had a significantly higher Cr at 12 months (1.76 Ϯ 0.51 versus 1.43 Ϯ 0.38 mg/dl, P Ͻ 0.001). We therefore added DGF/SGF to the multivariable regression analysis for 12-month Cr. In this new model, the association of donor phos and 12-month Cr was only borderline in significance, suggesting that the negative effect of donor phos on renal dysfunction was related to early kidney impairment after transplantation. DGF/SGF remained an independent correlate with 12-month Cr in this model (slope ϭ 0.195, 95% CI: 0.048 to 0.342, P ϭ 0.009).
Discussion
In this analysis of living kidney donors, we found that higher donor phos at baseline was associated with worse recipient renal function and a higher rate of kidney impairment early after transplantation. This finding is novel and extends our current medical knowledge regarding the risks of higher phos levels to include allograft outcomes in living-donor transplantation. Consistent with previous population-based studies (14 -16), we noted higher phos levels in women and AAs. The mechanism for differences by gender and ethnicity remains unclear. Dietary phos intake has not been consistently linked to serum phos levels (15, 18) . Differences in sex hormones may contribute to differences between gender groups (19) . There may be variability between ethnic groups in the renal response to phosphaturic hormones because AAs were recently found to have a decrease in the postprandial fractional excretion of phos despite similar levels of parathyroid hormone and fibroblast growth factor-23 (20) . We did not see a correlation between donor phos and donor renal function. This is consistent with data from the National Health and Nutrition Examination Survey III, which demonstrated a lack of correlation with phos and GFR at GFR levels Ͼ30 ml/min per 1.73 m 2 (15) . It is conceivable that the impaired allograft function related to higher donor phos levels was related to microvascular calcifications compromising blood flow and increasing the risk of ischemia-reperfusion injury. However, we did not observe an increase in arteriosclerosis in kidneys with higher donor phos. On the other hand, we did observe a higher rate of tubular atrophy in recipients of kidneys with higher donor phos. Phos is known to be toxic to renal tubules. Tubular atrophy was described in cases of acute phos toxicity related to oral ingestion (21) , and a high-phos diet in animal models induced tubular injury and atrophy (22, 23) . Acute phosphate nephropathy in a deceased kidney donor led to tubular injury and poor outcomes in two recipients in a recent case report (24) . Pre-existing tubular injury could predispose patients to impaired allograft function with or without rejection after kidney transplantation.
We observed an independent association between donor phos and AR in the first year after transplantation, although donor phos was also higher in recipients with no rejection on biopsy for cause. Most of these latter biopsies demonstrated acute injury and inflammation in the absence of Banff rejection. A possible mechanism linking increased phos to inflammation after transplantation is the upregulation of osteopontin (OPN) or other potentially deleterious mediators such as osteoprotegerin and fibroblast growth factor-23 in response to higher phos exposure before transplantation (25) (26) (27) (28) . OPN is a multifunctional bone regulatory protein that is upregulated by phos and acts as a potent macrophage-chemotactic stimulant (25) . In an animal model, a high-phos diet was shown to upregulate OPN expression in renal tubules (29) , and kidney transplant patients with rejection were found to have significantly enhanced OPN expression in tissue biopsy (30, 31) .
Any allograft injury related to donor phos would be expected to occur early after transplantation. This is consistent with our findings whereby donor phos levels were associated with early adverse outcomes. We observed an independent correlation with donor phos and recipient DGF/SGF after transplantation. The association with donor phos and recipient Cr at 12 months appeared to be driven by early renal injury, and DGF/SGF after transplantation correlated highly with renal function at 1 year.
We acknowledge several limitations in our study. First, our findings are based on a retrospective, single-center study. We cannot prove that higher donor phos was a direct cause of kidney functional impairment after transplantation. These data are hypothesis generating rather than conclusive, and outcomes related to donor phos levels need to be analyzed in other transplant populations. This study would have benefited from preimplantation biopsies and information about other variables such as donor or recipient parathyroid hormone and vitamin D levels. No donor had a phos level out of the normal range in this analysis. We do not advocate excluding donors with highnormal phos levels from the living-donor pool, and we strongly suspect that kidney outcomes from living donors with higher phos levels are in general superior to kidneys from deceased donors. Perhaps phos level may be considered when there are multiple potential donors available. Traditional predictors of recipient outcomes such as donor age and HLA matching also remained predictive of outcomes in this analysis.
In conclusion, donor characteristics can influence the quality of the organ from living donors. Identifying these risk factors is important to guide physicians with livingdonor selection. Our study has identified donor phos as an additional donor risk factor for allograft dysfunction, perhaps related to tubular injury or inflammation in the allograft. Although donor female gender and AA ethnicity also predict outcomes, their effect may be mitigated by serum phos because they are both associated with increased phos levels. It will be important to further analyze the effects of higher donor phos levels on donor and recipient outcomes in future studies of kidney transplantation.
